The genome of rice grassy stunt virus (RGSV) consists of six RNA segments. The nucleotide (nt) sequences of the two smallest segments, RNAs 5 and 6, were determined and found to comprise 2704 and 2584 nt, respectively. The 5h-and 3h-terminal sequences of both RNAs were identical over a length of 21 nt and could potentially form a panhandle-like structure due to intramolecular complementarity. Each RNA segment contained a virus (v) sense open reading frame (ORF) in the 5h-proximate region, and a virus complementary (vc) ORF in the 3h-proximate region, indicating an ambisense coding strategy. The protein encoded by the ORF on the vc strand of RNA5 was identified as
Introduction
Rice grassy stunt virus (RGSV) causes a destructive disease of rice (Oryza sativa L.) in rice growing areas of southern and south-eastern Asia (Rivera et al., 1966 ; Iwasaki & Shinkai, 1979 ; Hibino, 1986) . RGSV is circulatively and propagatively transmitted by the brown planthopper, Nilaparvata lugens (Sta/ l) (Rivera et al., 1966) , and two other species (Hibino, 1986) , but transovarial transmission by N. lugens has not been detected. RGSV is a member of the genus Tenuivirus, which includes rice stripe virus (RSV), rice hoja blanca virus (RHBV) and maize stripe virus (MStV) (Toriyama, 1995 ; Toriyama & Tomaru, 1995) .
RGSV particles are thread-like, 6-8 nm wide and mostly circular with a contour length of 200-2400 nm (Hibino et al., 1985) . The nucleocapsid (NC) proteins have M r values of 31 000 (Hibino et al., 1985) , and 34 000 and 31 500 (Toriyama, Author for correspondence : Shigemitsu Toriyama.
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The nucleotide sequence data reported in this paper have been deposited in DDBJ under accession numbers AB000403 (RNA5) and AB000404 (RNA6). the viral nucleocapsid protein (M r 35 927). The ORF on the v strand of RNA6 encoded a protein of M r 20 581 which represented the major nonstructural protein, previously shown to be produced in RGSVinfected rice tissues. The predicted proteins encoded by RGSV RNAs 5 and 6 were only distantly similar in sequence to the four proteins encoded by RNAs 3 and 4 of other viruses belonging to the genus Tenuivirus. These low sequence similarities, together with the apparently distinct number of genome segments, set RGSV apart from the other tenuiviruses and indicate that it should be placed in a taxonomically separate genus.
1985). The filamentous virus particles of RGSV contain RNAdependent RNA polymerase activity similar to the filamentous RSV particles (Toriyama, 1986 (Toriyama, , 1987 . In RSV-and MStVinfected tissues, large quantities of a noncapsid protein are produced (Kiso & Yamamoto, 1973 ; Gingery et al., 1981) ; this protein was subsequently termed the major nonstructural (NS) protein. Recently, a noncapsid viral protein has also been detected in RGSV-infected rice (Miranda & Koganezawa, 1995) . All these characteristics of RGSV are common with other viruses of the genus Tenuivirus.
There are four different RNA species in RSV and RHBV (Toriyama, 1982 ; Ramirez et al., 1992) and five in MStV (Falk & Tsai, 1984) . The 5h-and 3h-terminal sequences of about 18 nt are conserved and complementary in RNA3 and RNA4 of RSV, MStV and RHBV (Takahashi et al., 1990 ; Ramirez & Haenni, 1994) . All RNAs of segments 2, 3 and 4 in tenuiviruses have an ambisense coding strategy, and RNA5 of MStV and RNA1 of RSV are negative-stranded (Huiet et al., 1993 ; Toriyama et al., 1994) . The nucleotide sequences of the tenuiviruses share some features with the phleboviruses, which belong to the family Bunyaviridae (Kakutani et al., 1990 ; Takahashi, et al., 1990 Takahashi, et al., , 1993 Zhu et al., 1991 ; Huiet et al., 1991 ; Ramirez & Haenni, 1994 ; Toriyama et al., 1994) . In particular, the terminal sequences of each segment and certain amino acid sequence motifs of the putative RNA polymerase are similar in tenuiviruses and phleboviruses (Toriyama et al., 1994) .
The RNA genome of RGSV has been only partially characterized (Toriyama, 1985 (Toriyama, , 1987 . In order to determine the coding characteristics of RGSV RNAs in detail, we are attempting to sequence the RGSV genome. In this paper, we report the complete nucleotide sequence of RNA segments 5 and 6, and compare them with the RNAs of other viruses, in particular other tenuivirus species.
Methods
Virus and RNAs. Rice plant materials, infected with RGSV, were obtained from H. Koganezawa (formerly of the International Rice Research Institute, Philippines). RGSV was purified from infected leaves and stems by the method described for RSV purification (Toriyama, 1986) . RNA was obtained from virus particles by SDS-phenol extraction (Toriyama, 1986) . RGSV dsRNAs were separated by electrophoresis on , cDNA clones synthesized by using nondenatured total RGSV RNA as template and synthetic primer P1 ; , cDNA clones synthesized by using denatured dsRNA as template and primer mixture (P1 and a random hexamer) ;
, PCR clones (with DNA inserts amplified by PCR) ; , cDNA clones synthesized by primer extension using primer P2.
a 1 % agarose gel and each band was electro-eluted and ethanolprecipitated. The yield of RGSV from rice plant was 100-150-fold lower than that of RSV (Toriyama, 1987) . RNA preparations contained less ssRNA, which formed broad bands during agarose gel electrophoresis, probably due to degradation. dsRNA was therefore preferred as template for cDNA synthesis. NS protein. The NS protein of RGSV was purified by a slight modification of the method of Miranda & Koganezawa (1995) . RGSVinfected rice leaves (50 g) were homogenized in 150 ml 0n2 M K # HPO % -0n1 M citric acid, pH 7n1 and the extract was centrifuged at 100 000 g for 90 min. The supernatant fraction was mixed with an equal volume of 0n1 M citric acid and centrifuged. The pellet was dissolved in phosphate-citrate buffer, pH 7n1. After two cycles of precipitation and resuspension, the NS protein preparation was dissolved in 10 mM Tris-HCl, pH 7n5, and centrifuged at 10 000 g for 10 min. The pellet containing the NS protein was dissolved in 10 mM Tris-HCl, pH 7n5, and then dialysed against distilled water and lyophilized.
Terminal sequence of RGSV RNAs. Total RGSV RNA was 3h end-labelled with 5h[$#P]pCp and T4 RNA ligase, and electrophoresed on a 1 % agarose gel. The bands of ss-and dsRNAs were excised and each RNA was electro-eluted and precipitated with ethanol. Terminal The RGSV RNA in lane 1 was digested with RNase A in 0n3 M NaCl containing 1 mg/ml wheat germ tRNA for 20 min at 30 mC. Lane 3, RGSV RNA extracted from the heavier band recovered from a broad zone between the two arrows shown in (a). ds-and ssRNA species of RGSV are indicated as d1-d6 and s2-s6, respectively. Lane 4, RSV RNA electrophoresed for molecular comparison. Arrows indicate ssRNA species of RSV and arrowheads indicate dsRNA species of RSV (Toriyama & Watanabe, 1989) . Molecular size markers (i10 3 nt) are indicated on the right-hand side. nucleotide sequences were analysed by two-dimensional mobility shift analysis as described previously (Takahashi et al., 1990) .
cDNA synthesis and cloning. cDNA synthesis was done as described previously (Toriyama et al., 1994) using M-MLV reverse transcriptase (Gibco BRL) and a synthetic oligonucleotide primer, P1 (5h ACTAGTCGACACACAAAGTC 3h) ; the 10 nt sequence at the 3h end was obtained by two-dimensional sequence analysis. The synthesized second-strand cDNA was blunt-ended with T4 DNA polymerase and ligated into SmaI-digested pUC18. Recombinant plasmids were transformed into competent Escherichia coli JM109 (Wako).
Eleven clones containing inserts of between 600 and 3000 nt were obtained. Northern blot analysis showed that clone Sm-14 contained an RGSV RNA5 sequence and clones Sm-31 and Sm-82 contained RGSV RNA6 sequences ( Fig. 1 a, b) . cDNA clones containing the desired RNA segment were obtained more efficiently by using purified dsRNA5 or dsRNA6 as templates. For this purpose, dsRNA was denatured with methylmercuric hydroxide (Boehringer Ingelheim) and cDNAs were synthesized with the First Strand cDNA Synthesis Kit (Pharmacia) (T. Natsuaki, personal communication ; Sambrook et al., 1989) . Primer P1 and a random deoxyribonucleotide hexamer (1\100 concentration of P1) were used as primers. Four clones (D5-16, -1, -14 and -25) were obtained from dsRNA5 and five clones (D6-2, -7, -11, -14 and -28) were obtained from dsRNA6. Four other clones (5P2-23, -31, -8 and -V) from RNA5 were obtained by primer extension using primer P2 (5h CTGAA-CAGCCTAACTGGCGC 3h), whose sequence was derived from the sequence of clone D5-16. The 3h-terminal region of RNA5 was amplified by PCR using primers P1 and P3 (5h GTGACCATCTCCAAATTGCAC 3h) and four PCR clones (7, 16, 28 and 38) were produced. A further clone from RNA5, PCR-A3, was produced in order to confirm an ambiguous nucleotide. Clones covering the internal region (nt 1200-2000 from the 3h end) of RNA6 were not obtained after two trials with denatured dsRNA6 as template so cDNA from this region was synthesized by PCR amplification ; three clones (PCR-V2, -C5 and -D2) were obtained. The clone PCR-B34 was produced in order to confirm the 3h-terminal sequence of RNA6. Primer sequences for PCR were derived from those already determined and DNA amplification by PCR was done using the cDNA of dsRNA5 or dsRNA6 as a template.
DNA sequence. RGSV clones containing large inserts were subcloned into pUC18 and sequenced using the Pharmacia DNA Sequencing Kit and an ALFred DNA sequencer (Pharmacia). The sequence data were assembled and analysed using the DNASIS (Macintosh) program (Hitachi Software Engineering Co.). GenBank\EMBL, NBRF and PIR databases were searched for nucleic acid and amino acid sequence identity.
Northern blot hybridization. Each of the purified dsRNA segments 2-6 was electrophoresed on a 1 % formaldehyde-MOPS agarose gel and transferred by vacuum-blotting to a Hybond Nj membrane (Amersham). To denature the dsRNAs, the membrane was treated with 50 mM NaOH and 10 mM NaCl. cDNA clones used as probes were labelled using the Gene Images chemiluminescence system (Amersham).
N-terminal amino acid sequence analysis. Purified RGSV was electrophoresed on 10 % acrylamide-SDS gels and electro-blotted onto a polyvinylidene difluoride (PVDF) membrane (ProBlott, Applied Biosystems). The portion corresponding to the NC protein on the PVDF membrane was excised and mounted into the upper glass block of the reaction chamber in a gas-phase protein sequencer (model 491, Applied Biosystems). Edman degradation was done according to the standard programme supplied by Applied Biosystems. Purified NS protein was blotted onto the PVDF membrane without electrophoresis and processed for N-terminal sequence analysis. To determine the internal amino acid sequence, the NC and NS proteins were cleaved with Staphylococcus aureus V8 protease (Pierce). After blotting onto the PVDF membrane, each portion of the fragmented peptides was cut out and the N-terminal sequence was determined (Hirano et al., 1991) .
Results

RGSV RNA species
RGSV formed two distinct bands (B1 and B2) after sucrose gradient centrifugation (Toriyama, 1987) (Fig. 2 a) . These two CDFH S. Toriyama and others S. Toriyama and others Fig. 3 . 5h-and 3h-terminal sequences of RGSV RNA5 and RNA6 compared with terminal sequences of RNA3 and RNA4 of RSV (Takahashi et al., 1990) , MStV (Huiet et al., 1991 , 1992 , RHBV (de Miranda et al., 1994 ; Ramirez et al., 1993) and Uukuniemi virus (UUKV) (Simons et al., 1990) . The underlined 5h-and 3h-terminal nucleotide sequences of RGSV RNA5 and RNA6 are complementary. Nucleotides of the RNA terminal sequences of RSV, MStV, RHBV and UUKV that are identical to RGSV RNA sequences are indicated by (.).
components of RGSV contained five distinct species of dsRNA (d2-d6) (Fig. 2 b, lanes 1 and 2) , and other not so well separated bands that contained ssRNA (s2-s6) (Fig. 2 b, lanes 2 and 3) . Banding of ssRNA species of RGSV on agarose gels was broad and the density of each species frequently differed with preparations, as shown in Fig. 2 (b) (s2-s6, lanes 2 and 3) . Generally, ssRNA species of RGSV seemed to be present in relatively low amounts when compared to RSV.
The largest dsRNA species (d1) (Fig. 2 b, lane 3) was found in RGSV preparations recovered from the faint broad band (B3) shown in Fig. 2 (a) . This band was not always visible with RGSV preparations made from 80 g of rice leaf material. The band containing d1 after sucrose gradient centrifugation was therefore removed and the virus was recovered by centrifugation. The infectious portion of RGSV was found in the heavier fraction below the two distinct bands (Iwasaki et al., 1984) ; this is similar to the minor nB component of RSV that contains RNA1 and is also infectious (Toriyama, 1982) . The corresponding ssRNA appeared in extremely low amounts (not visible in Fig. 2 b, lane 3) . Only the largest RNA molecule has the capacity to encode the RNA polymerase protein (Toriyama, 1987) . By analogy with the genome construction of other tenuiviruses, six segments of RGSV dsRNAs would reflect six species of ssRNA genomic molecules. We refer to the RGSV RNA species as RNA1 to RNA6 in descending order of size.
The estimated sizes of RGSV RNAs 1, 2, 3, 4, 5 and 6 are approximately 10 000, 4000, 3000, 2900, 2700 and 2600 nt, respectively, when determined using RSV RNA species (Toriyama et al., 1994) as size standards. In previous experiments where RNAs were analysed in 2n5 % polyacrylamide gels and stained with methylene blue only four RNA species were found (Toriyama, 1985 (Toriyama, , 1987 .
Sequence and genome organization
Terminal sequences. The 5h-and 3h-terminal 10 nt of RGSV RNA5 and RNA6 were determined by two-dimensional mobility shift analysis. These nucleotides were identical for ssand dsRNAs and were also the same as the terminal nucleotide sequence of RSV and other tenuiviruses. Beyond nt 11, two lines of nucleotide spots (wandering spots) were found in dsRNAs 5 and 6 (Takahashi et al., 1990) and also in ssRNAs 5 and 6, suggesting that these ssRNAs might be a mixture of plus-and minus-sense RNAs. However, these sequences were partly ambiguous (data not shown). Terminal sequences obtained by direct sequencing and analysis of the cDNA sequence are shown in Fig. 3 . The 5h-and 3h-terminal 21 nt were the same in RNA5 and RNA6. The 5h-terminal 17 nt and 3h-terminal 16 nt are complementary and could form panhandle-like structures. These terminal sequences of RGSV RNAs are also very similar to those of other tenuiviruses and Uukuniemi virus, a phlebovirus (Fig. 3) .
Sequence of RNA5. The complete nucleotide sequence of RGSV RNA5 expressed as virus (v) sense DNA is shown in Fig. 4 . RNA5 comprises 2704 nt with a base composition of 32n8 % A, 32n2 % U, 19n0 % C and 15n9 % G. No significant similarities were detected in database searches. The sequence contains a long ORF in the 5h-proximal region of virus complementary (vc) RNA5 from nt 1558-2535 in the virus sense. The predicted translation product contains 325 amino acids with an M r of 35 927 (35n9K). An additional ORF found at the 5h end of vRNA5 encodes a protein of 191 amino acids with an M r of 21 586 (21n6K) (Figs 4 and 6 ). Between these two ORFs there is a long intergenic region of 878 nt (nt 680-1557 from the 5h end) in which oligo(A)-and oligo(U)-rich sequences frequently appear. Other smaller ORFs were found in a different region and in the same frame as vRNA5 (M r 12 000), and as a result of a k1 frameshift of vcRNA5 (M r 17 000), but no similarities were found with any proteins in the databases.
A database search with the sequence of the putative product of ORF 35n9K revealed a weak but significant similarity (21-22 % identity) with the NC protein of other tenuiviruses. The amino acid sequence of the 21n6K protein was 19-23 % identical with the NS3 protein of other tenuiviruses (see Fig.  7 a) . S. Toriyama and others S. Toriyama and others Fig. 5 . Nucleotide sequence of RGSV RNA6 presented as vDNA sequence and the amino acid (single letter) sequence encoded by the two large ORFs. Refer to Fig. 4 for further details. The amino acids of the RGSV NS protein that were identified by Edman degradation analysis are boxed. Sequence of RNA6. Fig. 5 shows the entire nucleotide sequence of RGSV RNA6 expressed as vDNA. RNA6 consists of 2584 nt with a base composition of 32n4 % A, 32n9 % T, 17n5% C and 17n2 % G. No matches were found in database searches, although the 5h-and 3h-terminal sequences were conserved among tenuiviruses. One ORF was found on vRNA6 and one on vcRNA6. The ORF on vRNA6 encodes a protein of 178 amino acids with an M r of 20 581, whereas the ORF on vcRNA6 encodes a protein of 325 amino acids with an M r of 36 421 (Figs 5 and 6 ). Between these two ORFs there is a long intergenic region of 913 nt (nt 615-1527 from the 5h end) which is rich in oligo(A) and oligo(U) sequences. Another possible ORF resulting from j1 frameshift was found on vcRNA6, but the putative protein product (M r 11 904) did not match any protein in the databases.
Database searches with the sequence of the putative product of ORF 20n6K revealed a weak but significant similarity (26-31 % identity) with the major NS proteins of other tenuiviruses, which are encoded on vRNA4. Another ORF on vcRNA6 also showed similarity to proteins encoded by vcRNA4 of other tenuiviruses ; the amino acid identity was 27-28 % (Fig. 7 b) .
Amino acid sequence of NC and NS proteins.The sequence of the N-terminal 21 amino acids of the NC protein was determined and found to be identical with the N-terminal amino acid sequence of the 35n9K protein deduced from the ORF on vcRNA5 (Fig. 4) . To determine the internal sequence, the NC protein was digested with S. aureus V8 protease. The NC protein was fragmented into three major peptides and one minor peptide. The 18 amino acid sequence of the smallest of the major fragments was determined. This internal sequence was identical to amino acids 262-280 encoded by the 35n9K ORF on vcRNA5. The other two fragments had the N-terminal sequence of non-digested NC protein. Thus, the NC protein of RGSV is encoded by vcRNA5 (Fig. 4) .
The N-terminal amino acid of the NS protein was blocked. The NS protein was fragmented into three peptides, one major one and two minor, by V8 protease digestion. The N termini of the two minor peptides were also blocked and therefore were presumably derived from the N terminus of the NS protein. The N-terminal 13 residues of the major fragment were identical to the sequence deduced for residues 57-69 of the 20n6K protein in Fig. 5 . Thus, the NS protein specific to RGSV infection is encoded on vRNA6.
Discussion
The 5h-and 3h-terminal sequences of RGSV RNA5 and RNA6 are very similar to those of other tenuiviruses and are complementary to each other for 17 and 16 terminal nucleotides, respectively. Furthermore, the presence of ORFs on both the v-and vc strands indicates that these RNA segments have an ambisense coding strategy (Fig. 6) . Both segments have a long intergenic sequence rich in oligo(A) and oligo(U) and it is likely that some regions can be folded into secondary structures. Also, it was shown that the NC protein of RGSV is encoded by vcRNA5 and the NS protein by vRNA6. The M r values of the putative NC protein and NS protein (NS6) were almost identical to those measured by mass spectrum analysis, M r 35 782 and M r 20 722, respectively (H. Hirano, unpublished data). Thus, RGSV RNAs 5 and 6 correspond to RNAs 3 and 4, respectively, of other tenuiviruses. However, the sequence identity of the RGSV NC protein to those of RSV, MStV and RHBV was only about 21 % over 230 amino acids, whereas the identity among the NC proteins of these latter three tenuiviruses was higher (48-65 %) over a longer stretch of 310 amino acids (Fig. 7 a) . The predicted protein encoded by vRNA5 of RGSV also shares significant sequence identity with the NS proteins encoded by vRNA3 of RSV, MStV and RHBV (Fig. 7 a) .
The NS protein encoded by RGSV RNA6 (NS6) is similar to the major NS protein encoded by vRNA4 of other tenuiviruses (Fig. 7 b) . For this protein only a low sequence similarity of 26-31 % was found between RGSV and the other tenuiviruses, although Miranda & Koganezawa (1995) reported a positive serological cross-reaction for this protein in the case of RGSV and RSV. On the contrary, the similarity between the major NS proteins of other tenuiviruses was strikingly high, 61-74 % (Fig. 7 b) .
The terminal nucleotide sequences are well conserved between tenuiviruses and phleboviruses of the family Bunyaviridae. In particular, the RNA-dependent RNA polymerase encoded by RSV RNA1 is homologous to the L protein of phleboviruses : 39n3 % identity over 569 amino acids of the putative RNA polymerase domain (Toriyama et al., 1994) . The NC protein of RGSV has 22n8 % identity over 184 amino acids with the NC proteins of Punta Toro phlebovirus (Ihara et al., 1984) , and 20n4 % identity over 221 amino acids with that of Toscana phlebovirus (Giorgi et al., 1991) . This is the same level of identity as now found between the NC proteins of RGSV and the other tenuiviruses. Thus, RGSV appears only distantly related to the other tenuiviruses as far as the NC proteins and major NS proteins are concerned. The number of RNA segments in tenuiviruses was reported to vary from four in RSV and RHBV to five in MStV, whereas six RNA segments have now been found in RGSV. Recently, we confirmed that RNA3 and RNA4 of RGSV do not represent subgenomic RNAs but genuine genomic RNA segments, since cDNA from RNA3 and RNA4 did not hybridize with the other RNA genomic RNA species (S. Toriyama, T. Kimishima, M. Takahashi & T. Shimizu, unpublished data).
The biological properties of RGSV seem to differ from those of other tenuiviruses ; for example RGSV induces yellowing and severe stunting, whereas other tenuiviruses induce typical striate symptoms and blight but not marked stunting. So far, transovarial transmission has not been shown for RGSV in their planthopper vectors. Taken together, these properties suggest that it might be more appropriate for RGSV to be excluded from the genus Tenuivirus and classified in a new separate genus.
